Electrochemical surfactant mediated growth of Ag on Au(111) was investigated experimentally using in situ scanning tunneling microscopy. Almost ideal layer-by-layer growth of Ag was obtained using 0.8 of a monolayer of Pb as a surfactant. Atomically flat epitaxial Ag thin films, 200 monolayer in thickness were grown on Au(111) using this technique. Energy dispersive X-ray analysis and Rutherford backscattering spectrometry showed no traces of Pb in the Ag layers grown. © 1999 The Electrochemical Society. S1099-0062(98)12-030-8. All rights reserved.
UPD layer was obtained using in situ techniques such as electrochemical scanning tunneling microscopy (ECSTM) [16] [17] [18] and grazing incidence X-ray scattering. 19, 26 The general consensus that has emerged is that at relatively low underpotentials, the close-packed Pb adlayer is compressed (with respect to the Pb(111) spacing), incommensurate, and rotated by an angle of Х4.5°with respect to the substrate. [16] [17] [18] [19] A specific feature of the Pb 2+ /Ag(111) system is a surface alloy formation process that takes place during extended polarization at underpotentials corresponding to an incomplete Pb monolayer [θ = (10-85%)]. [20] [21] [22] [23] This is believed to occur via a site exchange process between Pb atoms in the UPD layer and Ag atoms in the topmost substrate layer. 21 The exchange results in surface alloy formation with correspondingly different voltammetry (peak positions of Pb stripping and deposition waves) with respect to the behavior for shorter polarization times. [20] [21] [22] [23] The kinetics of the surface alloy formation process was found to depend strongly on the initial Pb coverage, 23, 24 Ag(111) surface step density, [22] [23] [24] and temperature. 25 No alloying was detected at underpotentials, corresponding to coverage of a complete Pb monolayer. 24 In this paper, we report on results of experiments examining the electrochemical growth of Ag/Au(111) using an incomplete Pb UPD layer as a surfactant.
Experimental Electropolished and hydrogen flame annealed Au(111) single crystals, 2 mm thick and 1 cm in diam, were used as a working electrode in the present investigation. The electropolishing procedure involved anodic treatment of the gold crystal in a two-electrode cell containing a mixture of ethanol, ethylene glycol, and hydrochloric acid in the ratio 2.5:1.5:1, at a current of ~1.5 A cm -2 for ~30 s. A platinum sheet (8 cm 2 in area) was used as the cathode during polishing. Following electropolishing, the crystal was thoroughly rinsed using Barnsted Nanopure water (>18 MΩ) and was hydrogen flame annealed.
ECSTM studies were performed using a Molecular Imaging pico STM with a 300S scanner and Molecular Imaging model 300S pico bipotentiostat. The cell was made of Teflon, exposed an area of ca. 0.3 cm 2 , and had a volume of ca. 1.5 cm 3 . Prior to each experiment, an STM tip was prepared by etching a 80:20 Pt + Ir wire in a CaCl 2 solution and isolating with Apiezon wax.
The electrolyte used for the Ag growth consisted of 10 -4 M AgClO 4 + 10 -2 M Pb(ClO 4 ) 2 + 10 -2 M HClO 4 . All the solutions were made with high purity grade chemicals and >18 MΩ Barnsted Nanopure water. An etched Pb wire was used as a pseudoreference electrode. All potentials are quoted with respect to this electrode.
The growth experiments were performed at constant potentials. Following growth, a voltammogram (10 mV s -1 sweep rate) was recorded within the potential range of 0.600 ~ 0 V in order to obtain the Pb coverage/potential behavior.
a In overlayer/substrate systems displaying 2D growth for more than just several monlayers, the growth is never truly one layer at a time. Instead, there are several layers growing laterally at the same time in a stable mode. Three-dimensional cluster growth can develop owing to an instability, possibly of the Mullins-Sekerka type. S1099-0062(98)12-030-8 CCC: $7.00 © The Electrochemical Society, Inc.
Results and Discussion
The experimental conditions for the ECSTM study of the growth process are described with reference to ions. Numerical subtraction of the dashed line from the solid line allowed us to obtain information on the charge due only to the UPD of Pb 2+ on the Ag(111) surface. Time integration of this difference curve allowed for determination of the charge/potential behavior in this electrolyte. We obtained a charge of 365 ± 15 µC cm -2 for a completed lead monolayer on the Ag(111) substrate. The deposition wave was at 138 mV. These results are in a good agreement with those obtained on polished and electrochemically grown Ag(111) crystal surfaces. 13, 23 We chose three potentials (0.040, 0.125, and 0.145 V) for the growth experiments, as indicated by the vertical lines in Fig. 1 , corresponding, respectively, to Pb coverage of 1.0, 0.8, and 0.3 ML.
The growth morphology of Ag on the Au(111) surface in the presence of a Pb UPD layer was monitored in situ with ECSTM. Figure 2 shows a time sequence of images that follows the evolution of the Ag surface morphology at a potential of 0.125 V where the Pb UPD layer coverage was Х0.8 ML. The mean growth rate was 3 ML/min. b The mean growth rate observed in this time sequence of images is approximately a factor of four less owing to known tipscreening effects. 27,c Figure 2a shows the initial morphology of the Au(111) surface at a potential of 1 V vs. Pb 2+ /Pb where one complete UPD layer of Ag is formed. Small traces of a second Ag UPD monolayer are present at this potential as 5-10 nm size clusters. There are regions of high step density separated by atomically flat terraces, 50-300 nm in width. A gradual increase of the number of layers is apparent in the time sequence of images that shows a layerby-layer growth mode. The average step height in these images was 2 ML. It is also apparent that the growth process takes place simultaneously on different levels of the surface. There was approximately 30 ML of Ag grown after 2100 s on this portion of the surface. This is a factor of 4 less than that grown on other regions of the surface that were not shielded by the STM tip. Figure 3 shows results of ex situ growth of 200 ML d of Ag/Au(111) under conditions identical to that of Fig. 2 . Energy dispersive X-ray analysis and Rutherford backscattering spectrometry were used to check for the quantity of Pb incorporated in the Ag layer. No trace of Pb was found with either technique. e The results of growth experiments at the other potentials (0.040 and 0.145 V vs. Pb 2+ /Pb) are shown in Fig. 4a and b . Ag growth proceeded in a 3D mode almost immediately for these growth conditions.
Our experimental results demonstrate that for the specific system examined, the electrochemical growth of Ag on Au(111) in an electrolyte containing 10 -4 M AgClO 4 + 10 -2 M Pb(ClO 4 ) 2 + 10 -2 M HClO 4 , optimum growth (at a deposition rate of ~3.0 ML/min) was obtained using ~0.8 ML of Pb as a surfactant. The growth mode was layer-by-layer as there was no evidence of step flow observed in our b Anodic polarization was performed form 0.125 to 1 V at a sweep rate of 10 mV s -1 in order to strip the deposited layer. A charge density of ~25 mC cm -2 (corresponding to a mean growth rate of 3 ML/min) was obtained by integration of the stripping wave. c The charge obtained by anodic stripping of the deposited Ag layer corresponds to ~120 ML, while the in situ STM results indicated that there was ~30 ML deposited, i.e., a factor of four less. This is the result of tip shielding effects that other researchers have also noted.
d RBS and electrochemical (stripping wave) experiments were performed in order to estimate the average thicknes of the Ag layer. In both cases a thickness of 200 ML was measured. e The compositional resolution of RBS and energy dispersive X-ray analysis for particular system was ~2 and ~ 1 atom %, respectively.
in situ STM experiments. At present, the detailed mechanism of the surfactant mediated growth is an open issue although we believe that interlayer exchange occurs between Ag adatoms and the Pb atoms comprising the adlayer. 
